Trauma is the leading cause of death in United States in the younger population. Cardiac trauma is common following blunt chest injuries and is associated with high morbidity and mortality. This study discusses various multidetector computed tomography (MDCT) findings of cardiac trauma. Cardiac injuries are broadly categorized into the most commonly occurring blunt cardiac injury and the less commonly occurring penetrating injury. Signs and symptoms of cardiac injury can be masked by the associated injuries. Each imaging modality including chest radiographs, echocardiography, magnetic resonance imaging and MDCT has role in evaluating these patients. However, MDCT is noninvasive; universally available and has a high spatial, contrast, and temporal resolution. It is a one stop shop to diagnose and evaluate complications of cardiac injury. MDCT is an imaging modality of choice to evaluate patients with cardiac injuries especially the injuries capable of causing hemodynamic instability.
Context
Trauma is the leading cause of death in United States in the younger population. Cardiac trauma is common following blunt chest injuries and is associated with high morbidity and mortality (1) . Signs and symptoms of cardiac injury depend on the severity of injury (2) . In general they range from being asymptomatic to nonspecific mild chest pain or chest discomfort, shortness of breath, anxiety, and cyanosis, to life threatening arrhythmias and hemodynamic instability secondary to cardiac tamponade and myocardial wall rupture (3) . Due to wide symptomatology, the diagnosis of cardiac injury can be challenging. The problem is further compounded as signs and symptoms can be masked by the associated other injuries. Nevertheless, morbidity and mortality can be reduced if an accurate and timely diagnosis and treatment of cardiac injury its complications can be made (4) . Therefore it is essential to evaluate and screen patients with suspected cardiac injury.
Evidence Acquisition
In this article, we discuss the pathophysiology of cardiac trauma and review important multidetector computed tomography (MDCT) findings.
Classification of Cardiac Injuries
In general, there are two broad categories of cardiac injuries depending upon the underlying mechanism. Penetrating and the more common non-penetrating (blunt injury). Compared with penetrating chest injuries, cardiac injury may be overlooked in blunt trauma, especially when associated with head or abdominal injury (5, 6).
Blunt Cardiac Injury (BCI)
Blunt thoracic injuries are the spectrum of injuries most commonly caused by motor vehicle collisions resulting in either direct blow to the chest or by deceleration compression of the heart between sternum and spine (7) . The other common causes include crush injuries, sport injuries and assault injures (8) . The heart can also be injured indirectly from upward displacement of abdominal viscera in abdominal injuries or from hydraulic effect of increased venous return (9) .
BCI is the most common form of cardiac injury and may range from minimal concussion to cardiac rupture and death (10) (11) (12) . In concussion, there is no cellular, morphological, or chemical abnormality. It may manifest as arrhythmia or segmental regional wall motion abnormalities (13) . Cardiac rupture is the most serious form of BCI (14) . It may cause sudden death due to cardiac tamponade and or associated hemodynamic alterations from hemorrhage (15) (16) (17) . Commotio cordis (disruption of heart rhythm that occurs as a result of a blow in precordial region and can be lethal), traumatic cardiac herniations and valvular ruptures can also be seen with BCI, but are much less common (18) (19) (20) .
Penetrating Injuries (PI)
Though less common than BCI, mortality after penetrating cardiac injuries is significantly higher. One study reported a mortality rate of up to 40% when the left ventricle and the coronary arteries were injured (21) (22) (23) . Patients can be asymptomatic or may present with signs and symptoms of hemopericardium, pneumopericardium, cardiac rupture or pericardial tamponade (24, 25) . In the setting of PI, the presence of cardiac tamponade, right ventricular injury, and single chamber injury have been found to be associated with improved survival (26, 27) .
Imaging of Cardiac Injury
Evaluation of cardiac injury requires a multidisciplinary approach (28) and includes a thorough physical examination, chest radiographs, screening with cardiac biomarkers like creatine kinase (CK-MB), troponin I or T, transthoracic and transesophageal echocardiography, Focused assessment with sonography, radionuclide imaging studies, contrast enhanced multidetector computed tomography and cardiac magnetic resonance imaging (29-31).
Chest Radiographs
Chest radiograph is usually the first imaging test accomplished in patients with cardiac injury. It can reveal rib/sternal fractures and pericardial effusion. They can diagnose an enlarged heart, pericardial fluid, and pneumopericardium. However, chest radiographs are insensitive to demonstrate important anatomical details and altered hemodynamics of cardiac injury for which usually cross-sectional imaging is required.
Transthoracic Echocardiography (TTE) and Transoesophageal Echocardiography (TEE)
TTE and TEE can detect wall motion abnormalities, myocardial contusions, valvular disruptions, pericardial effusions and traumatic ventricular septal defect (VSD) (32) (33) (34) (35) . Though TTE is a noninvasive bedside procedure, it is not recommended for stable patients with normal blood pressure and electrocardiogram (36, 37) . Also its use is limited in patients with spine injury, chest tubes, mechanical ventilators and for evaluating the mediastinum and chest wall (34, 38) . TEE has better sensitivity and specificity than TTE in diagnosing cardiac injuries, but its use is also limited in patients with hypotension and associated other serious spine injuries (12).
Focused Assessment With Sonography (FAST)
FAST is a rapid real time bedside imaging method with very high sensitivity (more than 97%) in detection of pericardial fluid noninvasively; however it is operator dependent and suboptimal in presence of pneumopericardium, subcutaneous emphysema and large body habitus (39).
Radionuclide Imaging
With the advent of echocardiography and MDCT, nuclear scans are not routinely performed for evaluation of patients with acute cardiac injury. They play a role in evaluating patients with cardiac contusion in chronic stage (40) . One study reported that radionuclide scanning is not useful in the evaluation of patients with blunt cardiac trauma (35) . Though FDG-PET is useful to assess myocardial viability, its role in evaluating myocardial injury is yet to determined (41) . Also this examination is expensive, not readily available and not established to evaluate acute traumatic cardiac injury.
Cardiac Magnetic Resonance Imaging (C-MRI)
MRI offers excellent myocardial tissue characterization. However, it plays no role in acute cardiac trauma due to long scanning time and cumbersome challenges related to in patients with polytrauma and on life support devices (42, 43) . Delayed enhanced cardiac MR imaging detect extent of post traumatic myocardial infarction and pericardial tears (44, 45) .
Results

MDCT Imaging of Cardiac Injury
MDCT is increasingly utilized in the evaluation of chest trauma and is currently the best standard imaging modality. MDCT has excellent spatial, contrast, and temporal resolution and offers detailed analysis of the heart, pericardium, and great vessels. The entire thorax can be quickly and accurately imaged, and life threatening injuries can be diagnosed and treated efficiently. Using ECG gating, pulsation artifacts can be eliminated and subtle small injuries of the coronary arteries and pericardium can be diagnosed. With dose modulation technique and strategies, radiation dose is now significantly decreased (46) .
Myocardial Contusion: Cardiac contusion is usually caused by blunt chest trauma and therefore is frequently suspected in patients involved in car or motorcycle accidents. The exact incidence of cardiac contusion inpatients with blunt chest trauma is unknown (47) . The reported incidence ranges between 3 -56% of patients, depending on the criteria used for establishing the diagnosis.
Cardiac contusion clinically presents as a spectrum of injuries of varying severity. The diagnosis of a myocardial contusion is difficult because of non-specific symptoms and the lack of an ideal test to detect myocardial damage. Myocardial contusion should be suspected in patients with trauma having elevated troponin, abnormal ECG and hypotension not responding to fluid resuscitation. Though con-tusion has nonspecific appearance on MDCT, a high index of suspicion with associated injury to great vessels, pulmonary and skeletal structures may aid in diagnosis (48) Myocardial Rupture: Though myocardial rupture is not very common, it carries high morbidity and mortality (49) . A non-penetrating cardiac trauma can cause freewall rupture of the heart as well as the interventricular septum, and cardiac valves (50). Brathwaite et al. (14) reported right sided chambers were more frequently involved in trauma than left sided chambers. Survival is more likely with atrial than ventricle rupture, and more likely with right-sided than left-sided injuries (51) . These patients usually present with signs of cardiac tamponade if pericardial integrity is preserved. Patients with a concomitant tear in the pericardium usually manifest with hemothorax and hemorrhagic shock (52) .
In MDCT, cardiac rupture is seen as myocardial discontinuity with contrast accumulation in pericardial cavity ( Figure 1 ) (53) . Cardiac tamponade secondary to ventricular rupture carries higher mortality than that caused by atrial rupture since in ventricular rupture, blood accumulates more rapidly in the pericardial cavity ( Figure 2 ) (54).
Pericardial Injury: Though a rare injury, pericardial rupture has a high mortality and is often associated with other injuries of chest and other organs (18) . The diagnosis of a pericardial injury relies on a high degree of clinical suspicion especially in haemodynamically stable patients with subtle imaging findings. Because these patients can deteriorate rapidly, an early diagnosis is crucial. Left pleuropericardial surface is the most commonly involved in trauma; however injuries to right pleuropericardium, diaphragmatic, and mediastinal surfaces of pericardium have also been reported ( Figure 3) (55) . Pericardial trauma can manifest as pneumopericardium, hemopericardium, and also can lead to cardiac herniation (56) .
Pneumopericardium is accurately depicted with MDCT as air typically positioned at the root of great vessels. The presence of pneumopericardium should prompt a search for pericardial tear in patients with blunt chest trauma (57) . Accurate diagnosis of pneumopericardium is crucial because it may also lead to tamponade physiology and tension pneumopericardium, typically depicted by MDCT as the 'small heart' sign (58) .
Pericardial rupture is seen on MDCT as a focal area of discontinuity, dimpling and irregularity with interposition of lung in the pericardial deficient area.
Cardiac Herniation: Cardiac herniation is a serious complication of pericardial rupture, with high a mortality rate. In cardiac herniation, a deformed cardiac contour is manifested as a waist around the compressed portion of the heart herniating through a pericardial defect, known as "collar sign" (59) . Another sign of cardiac herniation is the "Empty pericardial sac" sign which is seen as air outlining the empty pleuropericardium as a result of cardiac luxution into the hemithorax (39) .
Hemopericardium: MDCT has a very high sensitivity and specificity in identifying hemopericardium in stable patients with trauma (60) . In patients with BCI, MDCT reveals hemopericardium with the triad of high-attenuation pericardial effusion with distention of the inferior vena cava, renal veins, and periportal edema (54) .
The pericardial blood under tension may compress right sided chambers and cause flattening of the anterior surface of the heart with a diminished anterior-posterior cardiac diameter, which has been described as the "flattened heart sign". This sign has a bad prognosis and can lead to cardiac tamponade if not immediately treated (61) .
Coronary Artery Injury: Injury to the coronary arteries is rare and occurs in less than 2% of blunt chest trauma cases (62) . It can lead to immediate or delayed myocardial infarction either due to dissection or spasm (63) . The left anterior descending artery is most commonly involved followed by right coronary artery and circumflex artery (Figure 4) (64) . Small tears, dissection or thrombosis of the coronary arteries can be identified on ECG gated MDCT. Such patients should be further evaluated by conventional angiography and treated to limit the extent of infarction (65) .
Post-traumatic coronary artery pseudoaneurysms: They are rare, but can develop as an immediate or delayed complication of cardiac injury (66) . The left anterior descending artery is most commonly involved. MDCT can accurately identify and characterize the pseudoaneurysm.
Traumatic coronary artery fistula: They are rare and carry high morbidity and mortality and if not promptly diagnosed and treated (67) . In their literature review, Lowe et al. reported that the right coronary artery and right sided cardiac chambers are more frequently involved than the left coronary artery and left sided chambers (68) . MDCT can not only evaluate exact anatomy and course of post traumatic fistula but may also facilitate treatment planning (69) .
Post-traumatic VSD: It can occur immediately as a posttraumatic compression or deceleration injury and is seen on MDCT as disruption of interventricular septum. It can also occur after penetrating cardiac injury. Alternatively, it can occur due to necrotic perforation of interventricular septum secondary to posttraumatic infarction or contusion (70) . Post traumatic VSD usually occur in the muscular septum close to apex ( Figure 5 ). Rarely, it can occur in infundibulum (71) .
While MDCT can identify posttraumatic VSD, serial echocardiography is recommended in patients with cardiac trauma to evaluate for delayed development of post traumatic VSD (72) .
Traumatic Valvular Dysfunction: Valvular trauma is exceedingly rare following chest trauma. Its identification requires high clinical suspicion. In a literature review, Kan et al. (73) reported that the aortic valve and in particular the non-coronary cusp is most commonly involved followed by mitral and tricuspid valves. Though echocardiography is the imaging modality of choice for evaluating valvular trauma, MDCT can diagnose trauma to papillary muscles or chordae tendineae (74) . 
Conclusions
Cardiac trauma is common and can cause a wide spectrum of conditions with clinical presentations ranging from asymptomatic to life threatening cardiac arrhythmias, tamponade and/or cardiac rupture. Thus, it is of paramount importance to recognize the injuries capable of causing hemodynamic instability so that early and specific intervention can be undertaken to reduce the morbidity and mortality. In a patient with suspected cardiac injury, physical examination, chest radiograph, echocardiography, and cardiac enzymes are usually performed as an initial assessment. In this regard, MDCT is a very helpful diagnostic tool and is a one stop shop for evaluation of cardiac integrity in patients with chest trauma.
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